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SUNMARY

Thetheoryoftheh@raulice.nal-o~,thath, theanalogy
betweenwaterflawwitha freemrfaceandtt.wo-~nsionslscmyrcssible
gasflow,sud*helimitationsandconditionsofthe&na30wam
discussed.A testwasrunuslr.!theby&avMc analogyasapgd.ied
totheflowshoutcircmlxmcyliniimsofva+ms dimmtqrsat su?)tion$c
velocitiesextendingintothemqmmritice3rmge. Theappmatusend
techniquesused.inthisap-pl~cationEUWdescribedandcritic$zcid.
ReusonaM.ysatisfactqagrmmentofpressuredistributionand
flowfields.%xistealbetweenwaterantair flcwaboutcorresponding
bodies. Thisegmment initica.tedthepossibilityofetiending
ex~erimmtal.ccmprcmsibilityroeearchby DJSWmthodo.

INTROIXKTION -.

An analogyexistsb6tw6enwaterflowwttha freeE3uzfaxend
two-dimensionalccm~esoiblggaaflow(hy&atitc.ma2mgy). The .
wah= mustflowovera moothhorizontals~i’acelxnm-tidby .
verticalwd.lggecmet2ice33.yWaXIAZCtathewane bmn.iii~.the
correspmdi~compressiblegasflow. -.

Themathemat.icelbasiaofthish@rmiMc analo~was~resented.
byRiabouchmskyinreference1, inwhichhe alsodesca5bedhis
qparatuzforinvesttgatingtheflowina Mval noz218. In
reference2,he extendedthetheoryio Imludadrq considerations
a~ outlined.theprolxibleu~efulnessofthehydraulicsnalo~.
BinnieandHooker,inreference~,obtainedsurwysalmg the
centerlineof a chemnelwitha constriction.B: EZ@oy.ingthe “ -
charactersti.cemethodto calculateaccuratelytheflowina Laval
nozzle,I’reiswerk,inroferencek, &monstratedconclusivelythat
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themethodsofgasdynsmd.cscanhe applledtowate:-flowwitha
freesurface.

TheNationalAdvisoryCcmmitt&or Aeronaqttcffbecomeinterested
inthehydraulicanel.ogylecauseit me@ eneasyand_nsfve
wayofatUd@ngtwo-dimenei.onslcmpresslbleCm ~low;Inparticular,
‘@enmma occurringinair at speedstooM@ fkmvisuelobservatlcms
couldbe olservedatverylowspeeds(3 or 4 fw) h a waterchannel.
.Prelj!rmryinvcwtigationsweremadeInthe.Lan@eytankno.1,
where)difficultywiththeverticalacceleratlone- aemmedneglig~b~
smallintheanelogy-wase~erienced.

A waterchannelwasdesignedendconsti-uctedintheLangley8-foot
high-speedtunnelinthespr~ of1940.Thechannelwasso
constructedthatflowfieldsinvolvingbothEWMonicandsupersonic
velocitiese30uteerodymmicbodiescouldbo investigated.The
valueoftheSJM2W Insuchflowfieldshasnotbeenpreviously
demonstrated.Thedevelopmentofthemeasm..i~u~~mratusand
techniquesispresentedherein.Theapplicat~o:theanelo~-to
flowsthroughmzzlcsandaloutcircul.eiicylindemat subsontc
vdocitles extendhg intothesupercrtticali’~a isalsopresmted.----

SYMmLs ..-. ----
.. ... ..

.-
-.
9

s~ecificheatatconstantpressure

specificheatatconstantvolume

adiabaticgasconstant,ratioof C2 to CT ofgas

ahs”olutetemperatureofgas ——

massdensity of gas

:yreasureofgas —.
..

onths3&ortotalheatcontent

@namicpressure of gea ()+&
surfacetensionofliquid

()

P2 - Psp:ressurecoefficient—
q

v:lscosityofliquid
.*
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speedof soundingas
(c)
72

,P
velodkyofflm

wakerdepth
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—

compressibilityfactor

rectangularcoordinateaxez
—

componentsofvelQcityinx .mxiy directi~,reapectivelj

velocitypchenti.olin’t-wo+ihmsionolflow
—

wavelength

velocityof

diemeterof

. .

of surfacewave=h flulc!l.

proyagathnof surfac~W.HWSh fluid

circulercylinder —

lb subscript

o

St

2

—

anyv.51uoofvariable
...

Vdb.m

Vslue
no

local
at

value

at stagnation(V=())

forccmplctd.ymdimuzzbedstati~conditions,
flowilld’mnnel

valuoof’vmt.dil.e;valueat surfaceofmodol,
chemnelwalls,or infieldof flow

inundisturbedstreen --- ___ _
my two vel.ue~ofvsriable ...--. -...
maximmvslueofvariable .
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of variable,ved.ueatwhich
of1 isreachedat sme point ,-=.-.—
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derivativewithreepectto +

exemple: a$9+$ti==a2
x

)
derivativewith

mm

~?hefollowingisa condensation
develcrpnentofthe-hydraulicanalo~

Twoaesumptionearemadeinthe

(1.)Theflowisirrotationa3.

res--ectto y
.T:....-.-: .:,.— —-

afthetheoryendmathematfcal
aEgiven~v P:.’eisw-a-k(reference4),

muthematic.aldevelopment:

.

(2)TheverticalRccclerattonsatthefreesurfacearene@&gible. compamdtotheemoelez-aticnofwa~ity.“The.Z”eSmn-Ointhefluid
at anypointthereforedapendeonlyonthehoi.~~torthefreemxrfece
abovethatpoint.

Theanelo~betweentheflowofwaterwithfreesurfece-andthe
:?’1owofa compreeeiblegaemaylx?Ottainedhy settinguptheener~
equatimeforeach.Frantheener~ equation~orwater,the
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V= = @@o
Thecorx%Fondin&equationforthevelocity

V2= 2g(ho- h) = 2$cp(To
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iftheratioV/VDu forg8Sisoqu.atedtoThorofore,
for water,

~-d ho-h= To-T “—= —.
. .

do - ho

Theequdtionofconttn.ultyforwateris

.

Tiaecontinuityequationfortwo-Wnem3iona3.@.aflowis

.yw) + a(vp)so
ox -@-’- (5)...4

---.

Frumequations(4)and (5), a.furtherconditicmfortheanalogy,
--

. ..(6)

gas
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and,therefore,thesnalogyrequiresthat

Frcmtherelation

..

Thevelocitypotentialfor%mterisgiven

,=- =,---- .:A: ..,.
. . ..— —

. . - .- . . ..=—-=

.-. ~

.. . .. . . . . . . +“ m
l@@”mNocI@5’” -, - x

“Y= 2.0.

.,

by the8quathn

@..(-$)+k(l-g)-2k.%=o

andthocorrespondi~equationfora gasis

#z
Therefcre,for

.—.-.—

identical.expremions,

2..-&. =

-.
.-—.-.. _.r,

.... ..-
.“?,- ?.: .+
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(8)

(9)

(10)

(u)

Frm equations(9) and(10)$t@ voloclty~.~ intheliquid.
flowisseento tori-espndtothevelocityoi’soundIngasflow.
In& subsequentsectionentitled“Discussion,”thevalueof ~fi .f-
isshowntobe thevelocityofpropagationofsurfacewaves,the
wavelen&thaofwhicharelar~ein ccmparimnto thewaterdepth.

v
Tke ratio of — iu theliquidflowcorrespondsto ‘A Wh

“<&z“-
number=.;inthe&o flow.

Ifthevelocit~oftkoli.quidflowIslessthan ~~ (M< 1),
thewaterismid tobo “streaming.” If thevelocityofliquid

&

flow2s greaterthan ~~d(M> 1),thewaterissaidtobe ....
“skooti~~.” —— A—. ..—.~=-.“.-

“. .:*L.. .,.-,-

.=. *r-.. -—



In shootingwaterundercertainconditions,thevelocityofthe
flow?neystrcm@,ydecreasefor shortdistancesendthedepthmay
increase.AnunstxmiQ-motionofthistypeiscelleda hydraulic
sump.Hydraulic@ropeof smellintensityerePr’>pe.gs.tedwith
thevelocity~d.

Theand.o.gnayhe fmcamerized ae fo3Jmws: -.

si~i?tcelltquantities
andcharacteristics Correspondingvslu.eO
oftwo-dtmensiond. in analogous

compressiblegasflow, liquidflow .-
7=2. —

}
TemperaLurera’cio,&

o

Densityratio,Q..
90

Preesureratio,~
Q

‘5
‘/

Velocityof sound,a = —
P

Machnumber,~

Eh.dXlcmicflow

Supersonicflw

Shockwave,

i

Wate~-deythratio,.$.
‘o

Water-depthratio,~
%

(
Q2

Squareo?wzter-depthrat%o,
..%)

Wavevelocity,@
.—

.-

Streemingwatez- ——

Shoot5~3water

Ey&aultcjmuy . .—

TheMachnumbersintineliquitlf%cwmaye=i~ be ccaputed.
Ifequation(la)is substitutedintheexpressionforstream
Machntanber .-

Vc
M=-

G
--

G
theexpressionbecomes.

. (ml)
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The@.nt s for M = 3...arelocatodtierethedepth
thetotalheadasiseasilyverifiedframequation
localMachnmnlmrsareccmputedfrm -

E& - @ 1/2
Ml = t

! d% 1
Thopresm.umcoefficient,a significant

(103)

theoxyressionb6c&ues

Fora cnmpress:blegas
r

.

.

(1:) .

—

?’-r

.—
emdwith 7 = 2.0,

—

aerequired by the hydraulicanalo~jthe
ccmqreseilj,lityf&ctw isexactly

Fc = 1 + -~’

W’hentheanalcgyis appliedtothoetudyofairflow,accurate
quantitai~iveresultstillnotbe obtained%ecauee,faretrict
wyeementbetweenwaterflowandga3flow,7 mu.etoquel.2.0,

.

whereasf’orair Y is1.4. TherelatimIx#weenpresmreratioend
10C8LMachnumberforthetwoveluesof Y-:1Ssh~ infigure1.
A givenp%ssureratiocorrespondto a-hlghorMachnuzdxrf.nair

●

thaninthefictttim.eGaswith 7 = 2.0. Thecorrespondi~depth
-. ~...-<.;~=-...::.—.-...- —---..”
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ratiosd/d. shown
thopressureratios

infigure1 oroequaltothosquarerootof
for 7 = 2.0. Witha givenstmzmMachnumber,

thenbeolutevalueofthecriticslpressurecootficicnt(fig..2) ., ‘“
isloworinalrthaninthegaswith Y = 2>0. T.lcdifferences
oreriotverylor&, howeverjandtheflow~henomcncobservedin
thewaterflowsho%dho qualitativelythosamocmthoseoccurring
inthetwo-dimensionalccanpressibleflowo:ai:~.

APPARATUS ...L. --

.- :

Thetestswcrgconductedinthev=tical,~“cturn-fbwwater
channelwhichw-sdcsi~edandconst-ruttedintheLcr@iey8-foot
high-speedtunnel.Figurej showstheflowCii’cuitSndphl VieW
ofthefreewatersurfacoandSLSOtheorif”icelocationsofthe
waterchannel.A motor-&ivenpro@U.erofl-rootUameterforces

.—

thewaterintotheexpandingsectionendth~>o+a e~een Intoa
-.

lar~equietingsection.Thefluidis accelexkt-intheconvergent
-.

sectionand,flowsthroughthetestsectionLowmst;-omuto thepropeller
. sothatcontinuousflowismaintained.Thetestsectioncouldhe

replacedby thenozzlesshowninfigmesh(a)to k(c).Theshape
ofthechanneltestsectionispjiven$orcom~&*iconinfiguzr’ek(d).

. Theentireflooroftheentrenceccm endtestsectionishorizontal
exceptforthediffuserwhtchhasa 1° slo~e.~~~a static~pth
of1.5 inches,themaximumvolumeflowisa~~rcdme.tely540cubic . .
inchespersecondandthoTowerzequired.is1/10hoiasep~r.

i Waterdepthsatpointsinthetestsectlonwezeobtainedtith
thesurveyequipmentshuwginfigures~ and6. Ablockonwhich
w- mounteda verticalshafttip~edwitha finewireprole(0.0~0-inch

. diameter)couldhemo~edbothparalleland~eryandiculezztotheL
ch=~l SXis.Theprobewascapableof2 -inchvo~~icaltravelcon--”-htinuouslymeasmebleby a atendardticrmeter to the nesrestone-half

\ thousandthof en inch.A mall neonlampwasmountedin eeriea-with
theinsulatedprobeandthewatertoprovidea ‘~:ositivesignofcon-
tactbetweentheprobeandwaterlevel.

A similarmicrometerunit,movablealo~ a singleffied.rail,
waslocatedupstremalo~ thefloor centerlinetomeasuretotal .
head.Waterdepthscouldalsobemeasuredby Aatic Oi-iflces on
thechannelwallsandalon~thefloor.Eachorificewasccmnected
%y amlve to a cmmon sumpandbure’tte.By o~d~”~;{ ORGvalve‘
ata time,individualpressurescouldbe obtainedinthebfiettb--by
meansof a vernierhei@t gagefittedwitha hcixlinemirror sight.
Thelocationsoftheseorificesareshownin f~~im ~.

—
.... .-..-
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Photographandmotionpicturesofthefreesurfacecouldbe
obta?.nedby cemem.smountedabarethetestsccticm.A E%robolux
andStrobotacwereusedasthesourcoofi.1.lumlnaticn.A ctrcu.lar
&LassPl&te,fittedintothecenterofthefl_ocn’of&c testsectlonj
permittediUuminaticmofthewaterEmrfaceqfrcmbebw.,

M?imHorE

Thetwo-dimensional.modelsweromountedatthecentm ofthe
@.as8plate,onGendflushwiththe@&te andtheothermd extoriking
abovethewatersurface.OrificcmweredrUJ.edinthomodela
f~ed ,Ustance.aVovetho@ass plateandncmaaltothemodelEurfact3.

3?n7nthethmry of”t~ lqdraulicenelo~~,itisroadQvseen
ttitaccurateiwmzrunent& mustbemadoofthe~epthsinU
measurablepoint~ in thechannel.Fcmeachopcratin&@oed two
re&u3in@wereusuallyoptdn~d fore=h &t a point,cm by Lhe
burettead theotharby thesurveycaxri~o.Theburottcrad3n.&
bymeansofthehairlinesi@t andverniezz,couldho tdscmao
quicklyor.aaof’ben.asneccuwerywithout@?fectingstreamc~l~t~~;
‘#hereaE,I!ecmeoofthefozmzt~onofcapillaryendtitandi.wwavm, tho
surfaceprobez’mdi~waagoodonlyatthoinstantthci~oko to!:ched
thew~tor.‘l?hiseffbctwaanotseriousatloc~ surmrsonlcqxmdses
thest&~n& wavesworethenrccablotomov~upE%rcmfrcaathepoin~
ofwatercontact.Whenthe&isturbsmcewasremovedbybrtiak~
centactwith the watcm surface,original.etroamconiiftionewero
rostordinshout10 seconds,atwhich%iawanothwreadingcould
bomade.

. . .-----
Thomic.rcmmterum.itmovablealonga sin@eftiedrellmcasumd

tho depthatthoupstreampositionsandthedoptksatthefint
pressureorifice on thech~el centerline.l?rcmcontinuity
considerations,tti”totalhead

.-.—.—
(14)

where b isthelreadthofthechaunelandsulmcript1 refers to
therotationat“thefirst.orlficeon~~ecenterline.Thestream
depth~g.was”‘mess.me-dmfficientlyfaraheadin*hetesteectiaa
tobeunafifectcdby thepresenceofthemotil.Thetote3head,
however,couldbemeasureddirectlyby thoupstreammicrmietorin
thevicinttyofthebmndsxywellattheupstreamend(fig.3). ‘T&e
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UystresmElici’cXnetel’was”calibrated
protebeforeeachrun. Allde~ths

la

~ainsttheto.et-sectionsurvey
werememmr~dfrcmthelevel

floorofthechannel.ThenetacmmacyofU rw.dingswaswithin
*0*002MChes.

Oriii.cepreemxresworeusedto o%tainthewaterdoythonthe
surfm~ofthemodelsandatthetest-sectionsidewslh. This
typ6ofmeaeurenentisnoccmsaryinticliasthecapillaryrise
ofwateron allbodiecthat breskthewatersurface$nvslidatcsthe
useof-thesurveyprobe.Thepro%eisof~eo.t”vmua howo’vcr,in
ohtainingsurveysatpointswheretheinfluence01”cti~~llsxity’is
negligibl~~ whichinmostcams is about1/4inchfrcxnm cxposod
surface.Extremec&3 hadtoh takeninallpress’nemeasurements
toholilcapillaryriseconstantintheburette,w veryslight
conmmtrationsof dirtcmtheglase&uld ohangethemeniscusshape.
Tholnrettewas,thcnmforo,clesnodatregularintervslswith
chromicaoid,anda 10 percentoolutionofaeroaolwasplacedon
themeniscustoroduccsur?acetensionendceyillerity.This
procedvreenabledconsistentr.sadhgcwithinthedesiredaccuraoy.

Theshadowgraphstillphotographsworoobta$nedby a 5-by T-inoh
viewcemora.Thetestsetupandschematicdiagremareshawnin
figures6 and“{(a). Intheinttisltridh itwasfoundthatthe —
mostconvenientlightsource,withexistingcollimatorlenscs,was . -.._

a S~robd~-Str@mtacUX&tj &rd bli ad@tl~; *?Mil~l frequ&ncY”,
variousli@t intensitiesCOU.M%CJobtained.Therefraction ._ —.
patternsxoru.edby a vortex,h@raulic~w~, anacapillarywave
aro shownin figures7(II)tc 7(d), endfromtluxepctternsor
combfinatians~ a qualitativesnslysiG of shadowgraphsmaybelmde.
In ordertoreduceexceGciv~pektornrefractlcn,thegrm.uld-gjlass
scroonwa.zplacedm closeho thow&tersurfacec%possible.Mot1o11

-.

pfctuzzesofwelmfrequonc3,0sandoltcmnatetrailingvorticeswero .-
obtained%y thesamo‘methodswithno greatdiftic~ty.

ItEsLJLm

In cinderto mcerts,inthenat-amendthe

..

tu air
withflaw

throughnozzlesandaboutCircula-cylindm%.ThOSGtestswererun
atvs.zztousdepthsandMachnumlmr~andwithtiadelsofvarioussiZGS
in the Chollmz● ‘Theresultssrefirstprcscnto~withoutU scuf38ion.

plotsofthewaicmdepthsandweter-d.cpthSatiosalongthecenter
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~-i.n~hcirctiercylinder
a2
in air-+re availablo from
hich-sj~edtunnel.

U:.thvarioussizesof
veriationofthelocel
strmmMachnumbersis
streamdepthsd~ end

Hachr.mmbers&ng thechannelwallfardlfi’erent
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Variousfactorsidlu.encetheresultsobtainedinthewater
chsmnelsndtheeffectofthesefaotorsmustbe asterkain.od.
beforethechannelcanbe,usedforthe“investigationofthe
snslogmsgasflows.

—-. .-L.

~om anexsminattonoffiquxes15 to1$1it3s seenthat
concentricwavesappoerinfrentofthemodel.Thefactthat
thesewa-~esdonotappear,intheschiierenphotographs(fLg.:6)
ofairflowtakenattheLa@ey rectan@.~hfgh~speed,tunnel~“ests
thatthesewzvesarenotpartoftheenal.o~”.

A disturbanceat ~omepoint.in & liquidgenerallywillgive
risetotwotypesof~~=~es:ehoxtsurfexe-tensionwzmescalled
capillsrywavesendconsidore%Qlongerfpavitywaves(reference
5 endpy,s53-4o2ofreference6). llhe~emion farthe
mlocittyofpropagationofwaterwaves5.s

velocity of prop-ationlessthenafi~~~ely 0.75footpaxseco”iid.
Disturbancesofwavelengthlessthanthatcorre”spond~ngtothg
minimumwavevelocity~e tenneiica~illarywavessincot.h.eydepe~
prir@rH.yontheEn.nWacetensionofthefluid.P~’op~a%ionvelocities
FPeQter.th~ thism}nimzu.v:locitycmrespondto shorterc@Ul@
Wavssand1oIIg6r@’avitywa-ies. -.

___ ——-.
Ii;a = o and d << X, oqua.tion(16) Imccmes —-

U= @ “t -=__4.(17)

sndthi~velocity- tilevelocityofpropagationoflo~ @avitywaves
isth~lg.sicsurface,wave,“vel~city.The otherwai~eCiefinal%y” “’
equation(16)arepurelyiiater-Surfacew@6s ~d areno-tconsidezzed.
in.kk~tiati-tcanelo~. FigureZTshowsthatchb~es& tk”-
water-depthhaielittlb6ffectonthevelocityofproy~athn-of
wavesforwavelengthsleesthanO.1toot. -.

:..
Thewavelebgths’~f someofthestantingwavesappearingin

frontofthemodelsin figures15 to19wwmmeasuredfh-omthe
photo~~phsandwereplotjmdin$he.@set offi~~e 27 agatmt=-----.. .. . . _= . +- ----—.

—.

—

—
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thelocalvelocity(equal,foretaadingwr:es,tothevelocityof
po.p~ation)atthepointwherethewaveoccurred.Thisplot “
showedthatthesewareewa.’ecapiUazzywr+wm.Thecheckmezzks ...—.-
ontheinsetshowthenumberofre-s thatfallonthe

.x_...–-

plottodpdnts. Thesecapillarywa~es,alt.hou@theyhaveno
partInthe~ydraulicsnslo~jhavetwoadverseeffectsonthe
applicationoftheanclo&y;namely~cam~licatfonoftheflow
photographsenildkcreaeeintheaccuracyofthedepthmcsauremente
takxnwiththetest-sectionpuote. .

Theresultisobtalnodinthewaterchanneldepon.dto a lurge
extentonthedepthatwLid~thetestsarerun. Thoeffectof
depthon.theformationof Rhndi~ capillarywavesis shownin
figure28. Ifhi@ ~tresmMe$hramibrswithoutcap.ill.orywaves
int#U3Str9UUC&Wetobe obtained,a shallowdepth3s~9scrlbdJ

ThewateriEIacceleratedfromthetota2.hoc?wkcrethofluld
veloc~yts zeroto a valueof zercaccelertitlon~d XnaXlml.lUl
velocityinthetc_@section.ThemotionO:thowatertk-’OU@
thiscycleiSMtuatodby the~orccofgravitywhichisthusthe
importmt factorin thehydraulicenolo&F.If on olmtructlon la
placed in thepathofa fluidatconstantvelocity,localaccolcra-
tioti=of flow rnusb tch @ace intheilold&bouttheobetacle.If
thesoaccelerationsaroIargo,thovcrticsJ.components,whichhave
no partIntheanalogy,areno l~Gr nc@i@blo in canperfsonwtth
‘theaccekrationof~avjty;anda distortionofthoflowresults.
Thisdistortioni~.guch~batin.aregionofdecchret-lonsuchas
theregion““b”“whichthe~ow iEIQpproachiwsta@ation,thedepth
isle~3sthsn“thatrqti~d inthoenalogy;eziithodepthindlcutcd
%y thoprcseuro@ th~staticorificosis ~cato~’thanthetruo
depth.h a regionofaccelcratiotithoopgositootfcctsoccur.
Diffwcntiationofequr.tion[la)~howsthatthoacceleration
(in8teadyflow)isproportionaltothegradion’tofthedepth.
TheslopeofthefreesurfaceiE thcreforoa mxuJuroofthe
accolorations.

If$ fortwocasesofthemm stro.nnMachznwibgrthowater
depthislncrc~od,thoslopeofthofrcosurface2slikowif30We&kr as _.

—

b-
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~howninthefollowingtableinwhichfcrchosenvalueaof M erii
~ thevel.ueof ~ isccxnpu%edfromequ.zticm(12.L):

..L-- M ~ 7 %f’h (~ -.as) V(inO/see)

0.926 1.000 0.700 0.700 0.300 10.78
.9X 1.100 .770 .700 .330 32.29

-—
Thete~ (d.- ds) m anindicationoftheslopeofthefree
surface;thehi@ervalue corresycndsto a stee>rS1OPOmd th~
to greaterverticalaccelerations.An ’iU.usLratlonofthefoi%- -
goingstatementsisgivenbytheresultsofthenozzletestsin ‘“
which,asthewaterdepthsdecrease,thedepthratiosapprcach
thosecalculatedlyReynoldsflow(figs.eend 9);d-ltests“mre’

—____

madeatchoki~Machnumber.Bind-eandHcdtcmobsez%edthesme
effect(reference3). If theslope.of.thefreesurftieiss@ll.
em.dii’thenozzleis soshapedthatthemfielerEkionintheeritrance-
canhekeptsufficientlyEIUXU,novariationofwater-depthratios-
occurswithchengingdepth(fi~.10). “- sex@cd?fectis shownin .
fify.msU and12 asmaasur”ed”lysttiti.corifices@ Iurettea.

—

ThGeffectofverticalo.ccclorckionsondepthratiosdetcdnod.
%ymecnaof stcticorificesisoppo3itctothatobtcinedbythe
probe.itmy be assumedthereforethatthisadvoreeeffectwould
bo n@.igiblewhGfithetwometkotiofrce.dingprossuzzesCffincido.The
rGedin@tokenattheminimwnscxtionofthe2-imchnozzlo(fig.12)
whenthedepthwasreducedto 1.3 inchcmcoincidai.If thefroo
surfaceE1OPGhadbeenmoreabrupt(smallermodolor-rnodeihaving
a sharpprcsswrerise),a stillshdl.owcrdepthwouldhavabeen
requiredto attainthiscondition;theroforolar.mmodels‘~demal.1
depthssho~fldbo omployod.Thominimumdo~thislimited,how%ver,
by theeffectsofthobound~~l~cm onthofloorofthochsmml.

Thedevelo~ntoftheboundzryb.yerproducosa velociuy@xzd.ient
alongthoclumnelsimilarto thegradientin a.windtumnel.Thie
effectcanhe cc%npem%tedinthemme w%v%y tiv~~ thowallsw
inthecaseofthewaterchemnelby slopi~the”floordownwu-dis-tihe
directionOSflow.An effectforwhichcompensationdoeti.nbtappesr
feasibleisthethickerilngariithinningoftheboundarylayurin
regimeofdeceleratingsndaccelerati~flowa%outa motil,%ehavior,
whichcausesa diuto~tionofthevelocitiJtistri%ut-i-ons-mhastiidd
correspondquslitattvelyto a thinningofthomodel.Theeeboundary
lqer effectsarcparticularlyseriov.EinthewaterchsnnGlbecause
oftheappreciableboundarvl~~erdisplacementthiclmcs~(foundto
be oftheorderof0.1in.)in.smupmison@ththototaldepthgf
thefluid,Theboundsrylayeroffoctscohld.obtiol~ beminimized
by increasingthewaterdepths,%oth%ocauseofthGi.nCrcaSGdratio
oftotaldepthtoboundsryloyordisplacementthicknessand.

.—
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becauseoftheincrsased,.l?eplds nuqberscorrespondingtothe
hi@orvelocitieswithgivenMachnumhra. This~equiremeat1s,
unfortune,tie~v,inconsistenttiththetini.mlzingoftheeffects
oftheca@13srywavesandofthevertical.accelerations...

Yheatio~ isfuzztfie~limitedby the>actthat-Iiayplleg.for
a hypothoticelgashavinga valueof 7 = 2.0;theeffectorthis
Umitwtionhasnotbeencampl.etelydetermined.Theeffectsshown
infi{~’ea1 bad2 arenotverylerCe,hoverer,andcanle tukon
into acccnqt in the .irkerprotationof-datatakn in tho%dmr
channel.Otherinvestigationse~gmt t“hattheinflumceof the
valueof 7 insubsoniccamyreesibleflowisnotgreat.Kaplan
inraference7 thusfoundthattothethirdapproxhaticnthe
effectofthevalueof Y inthecomp’G6sibloflowuptothe
criticalqweciwasradiidhleendvonK6zz, rofermce8, obtalncd
a widdy mf3dexpressionforC“hange“o$Prossuro cmfficlmt With
Machnumberb~ usi~ thoasmmption 7 = -1, Forsu~ersonicflow,
theclxcracteristicsgxrye3’QZ-Ocomid.erablyInflum.cedby thevalua
of 7.’=”~horajio“ofmxtiumvelocitytothevelocit~ soundis
groatc~with Y = 1.4thenwith Y = 2.0,andfora givenchzncQtn
flowengle,thevelocitychango,asdebrmim”dby thechai-actcrlstfc~
nwthcd,,ie alsogreater.

TheRqmolds nmbom in thewate~channelarecelmkted far
CCZD@(3t0SlkUTIC&Si(Xland&“?2VC~“bw;the3MXh’lEUV~.ULOx. . ~. for

4the. -k’h-diqmotercyllndGrwitha staticwater@pth ofO.n inch
iE315,CO0.Thocompertaonofthewater-channelendwind-tunneldata
(figc,25tolg and26]showodthat,althoughtlMcylindertcmts-

..—

woremodoatconeidorablyhi@erRoynol~lnumbersin air thanin
water,thes~e typeofflovoccur~’edinbothGases;themain
considerateonis ~eement oftheflowpatternsratherthen .-..
identicslReynoldsn~tibois;

—
Ina wdndtunnel,a chokingormaximumstreanMachnwibcr ogcwrs

whenlocalMachnmuborsof1.00extendacrossthescctionbotweGn
themodelandtunnelwalls.A Gimihreff%ctW&3notcjdintho
waterchezmg>.3?i&Ixxo25.shm-sthatthestroszadepthdocreasosand
thetotalheadincreaseswithMe.chn.mkr upto a L@xLmwvalue
thatdCj)UldSOnthe.13iZQ~.thomodeltested.At thischdslng
confition;-“bdh-”thestreemdepthatithetotalheadtncrfi~c with
anaddition@.powwrinput.Figwe 29showsthomaximumhkchnmb.er
forvariousrabiosofcylin@rdismetor-tochannelyidth.Vaiation
of.’thodatafrcm~ho~heorcttidCWnASmightbc oxpectcd.inamuch
asthethoorot-icslvaluesworocczaputcdby one-di.mmsionoltheory
(Reynoldsflow];wherew,thoactualflowi~two-dimcnsfond..
McximumMachnUIRbGrSthatoccur?.mwtnLtungols,howcvoi.,agrc6much
morocloselyw5ththeone-dimensionaltheorythm dothoe~shown

.—....-.

. ... —
w

m

.
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in fi.$uree (me referenco9), md itthereforemans likelythat
thedivergenceisdue~o other,factors,suchasboundery-leyereffects
andverticalacceleraticms,ratherthanto theG~nsl”onal nature
ofiiheflc%r●

TheUs%urbanceslongthechannelwallwithvarioussize
cyllndersinthetestsectionis showninfigures21to 24. The
welldisturbanceisanindicationoftheseverityathighMach
numbersof channel-wellorwtnd-tunnel-mlinterference.As the
streemMachnmber ap~oeches1.00,thew&71Ustrmtmnceincreases
untilatthechokingconditiontheinterferencebeccmeslergeeven
forthesmsUestcylinder.Forthe1>-inc.h-dimetercylinder
[f’lg.22), theyointof sonicvelocit~a;thew~hi~sr~gge}~~~
.apprax~tel.y3 dismetexwbehindthecylinder.
@cement w2-ththeflowpkmtographs(fLgs.15m?l17), whtchshow
a gull-wing-shapedshockstSrti~ ~fromtheregionbehind +Ae
cylinderendextendir~down~ieemt~~a thewells.SHgure30
showsthelinesof constentMachn.miberintheflowfield~out
a 6-inch.dismetercyl+~~ratchokingMachnmiherendshowsclear~T

. thesupersonic?1OWoccurringbehind.thesylind~’.
—

A comparisonoftheshadowgrephs{figs.1>to 19)withschlieren
. photographsofflowa~outc$rcularcylindersin aizz(ftg.26)shows

thatthetwoflowsarevefi.similar.‘Thetypoofflowis
thesaw inthe-twoc-es endisthetypethatis characteristic
ofReynoldsnumberss-what helm thecritical.value.AtReynolds
rwuibewsbetween50 end350,000,anunstablecontitionis s~tup
bahinda circulsrcylinderinwhichvorticesa~esh6daltern.atcly
fromeachside.Lsmlnarseperati.onoccursata pointa~oxim.ately
80°fromtheforwardstagnationpointenda vortexsheetisformed
whichextendsdownstre=andfinsllyrollsup intoA largevortex.
Thevorticessoshe~err-e themselvesintoa K* street.(See
reference6, yp. 2L7-Z!S,) Figuxes16(a),lx a), Is(b),endg~(a)
showthistypeofflaw,whichisthessmeinthewaterchannelas
intheairflow.Becauseoftheoccurrenceof scpexatlon,theectual
pressuredlstributtonIs differentfrcunthatcalculatedby potent~el-
flowtheory.Theactual.pressuresovertheforwardpertofthe
cylinderezzehigherandthoseovertherearerelowerthm those
calculatedby theory. The negative pressurrepeak is greatly z’edvced.
F@zre 20 showsthepressuredistributionsaboutcircularcyiinders

/ inairendtithewaterchsnnel.‘I’hoquantitati~eresultso%tained8, >. thewata~_~hannelwe verycloseto thoseolX@~d in air
(figs.20(a}to20(c)J.“’

,—
‘.I!hi5”’Lio&eSgL&&mtIBlektevedj“however,”h

. %e hrgdy fortuitous,resultingfrm en ~eracthn betweenthe_botban
boundarylqyereffectsendtheratherlargechemnel~ interference
inthewat4rchannel.At thechoki~MachnuaiberM = 0.71 in the
waterchannel(seefig.20(d)) theinterferenceeffectsexceedthe

-.
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relievingeffectsofthethinningof
ne~ativepressurecoefficientsnear
h-thewindtunrMl,
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boundarylq~er andthe
90° exceedthoseobtained

—..

Becauseoftheunsteadynatureoftheflow,instantaneous
velocities~eaterthentho~eindicatadhy the~messuredistributfons
occw near theSurfaceOf a C~-lindOr.Thecri-~icsls~cedmsy
thereforebe expectedtobe lowerthaninc~~cateclby thepresmro
dis?sributions,aneffectthathaskeenob~ei~edinair. Figure2
shcwsthatwitha given leak negativeyessuiietioei~icient,the
criticalMachnumbershouldbe somewhatloweyinthewaterchannel
(7= 2*O) thanin air [7I=1.4),

Anothereffectoftheunsteedyflowisthe~etrical
devoloynentofshock.Whentheflowclosesin on one sideofthe
cylinder,theinducedvelocitiesincreaseandmayexceeda Mach
numberof1,00.A ~hoclcwavemeythusfcmiononesidewhilenone
exifksontheother,or a moreintmnseshockmayexiston oneaide
themontheother.Suchaaymnetricelshock~atteunssreshcwnin
figure~16(b)to16(d),~((b),18(b)to18(d),and26(b) to 26(d).
~actl.ythesamephenomenonoccursinthewatei-channdas inthe
airflow.In scmecases,thesheddingofthesewavesalternately
fum.eachsideofa cylinderhasbeenobserve?inthewaterchannel
when,thostreamMachnumberwasonlya littloabovethecriticalvalue.
Suchbehavioristohe exjjectd if on

L
onesideofthecylinderthe

velocitiesfirstexceedandt n felllekw theB;eedof soundas
theflowC1OSOSin andthenbreek~away.~?cmthesurface.Vith
increaseinMaohnumber,a strongU.sturbanceori@natesatthe
edgeofthewakeay~oximately1 dieznaterbohinclthecylinderand
exte:zds~ntothe fieJ.dofflow(figs.15(d),l~(d),and26(d)).This-
disturbanceoscillateswiththewake,whichis stillunstable,and
inIusincip.icntita~esalternatesfrcmonesidpolthemodelto the
other.At stillhi~~erspeed,theflowclosezinbehindthecyllnder
sothatthecylinderhemtheappearanceofa di’ecnil.inebodywitha
strong@U-wing-’shapeddisturbanceat itstl”alll~qe~e (figs.15(e),
U{ f),16(f),l’7(f),1.8(f),19(f’),26(e),and2E(f))*Thesd
featuresappearto be essentiell.y theseineinthewaterchsnnelas
intkeairflow.

Measurementof
boundariesarebest

.

EQ.U13?MENTANDIWTURXDEVXL02MENT,:-.,. “,..- -. 1–

depthatthesurfaoeofmodelsandatfluld .
mat!ewithpi-ess~eorificeeandburettes

becauseoftheca.plllaryriso,-wherea.sthemicrcmetei’methodis
suitedformeasurementoffielddepths;bothmethodss@ee very
wellj~ovldedtheverticalaccelerationsaresmall.The‘burette



methodisbestforobtainingaveragepressvx-esinunstableflow.A
methodofphoto~@y hasbeendevelopedthat%s sin@e andcompletely
f3atlsTact~.Theehadowgrephsofthewatezzflowerestrikch@y
s~lsr to theschlierenphotograyhsofairflow.

ThevalueofthewaterchannelliesmainlyIC thelCYWcost
end.convenienceofopel*ation.Fieldsurreysares3m@..yrueile,end
veri.ousfeaturescftheflowsuchasturlnilxmce,v-ices, cope~ation}
f~d~OCk f~ation me e~ily observedandphoto~ayhed. Stresmlinos
abouta modelare.sosilyobtainedly insertingstresnersofdyein
thewateraheadofthemohl.

A ls22&erchannelespeci.f31Q-designedtominimizeboun~aryl%Vez-
effectsandto secureunii%rmflowinthetestsectionisdesirable.
Thechannelshouldbe largecmcughto permittestsatReynolds
mmibers&bovotilecritical“<she.A I=gcr channelwouldalso
be advantageousinreducingthead-:erseeffectsofthe%oundary
l~er orverticalaccelerations,or%oth.

Addition=inTestiSa%ions,boththeoreticalandexperimental,
arGnecdodin ol’dorto determinethecorrectionsnccos”seryto
convertquc.nti.tiesobtainodfrm the~tQr 1~ to theVdyeS
cherecteri~ticofthoairflowabcutcorrespon~ bodies.

.

C!OWLUSIONS —

An experimental.appszzatueandtechniquchaveboGndovelo~d
fozztheinvestigyxtionofthean.el~betwocnwater”3%w witha
freesin-faceendtwo-d3nxmsiona3.ccqmessiblogasflow(hydxaul.ic
srQogY); a preliminaryinvestigationhasboonwdo andthorbsults
of en applicatiorloftheanalo~havebeenPrescntml.Thefollti.~
conclusionsareindlcateilfranthiswork:

1. Thehytianlicsnelo~pwvid.osa v~~ inex~nsiveand
convenientmeansd investigatinghigh-speedtwc-cUxmnsionelW
flow.Thoflown@ybo ObSGiTedad photogra~ed,~d surface~d
fieldmeasurementsw bo e~ily obtained,RoasonaK1.ysatisfactory
agreementwas_fo’tibetweenthewaterflow.cmdai~+flow_abbout
corresponding%odi.es,althoughconsidcralleworkinboththeory
ande~erimentisneedmiin order iio convertwithquantitative
accuracyfrcunthowaterflowto theflowia air.

.-—
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accelerationssndsubcriticalReynoldsnumlersmi@t Ye overcaue.
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Figure 5.- Testsectionand Burveyequipment,seenfromdownstreamend of channel.
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FLgure Ij.- Approachand test section showing equipment for photography.
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